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Hypotonic stress-induced release of KHCO3 in fused renal epitheloid
(MDCK) cells. Mechanisms of cell volume regulation induced by the
reduction of the osmolality of the Ringer solution by one-third were
studied in fused Madin-Darby canine kidney (MDCK) cells. Intracellu-
lar HCO, K and C1 concentrations {ion]1 in parallel with cell
membrane potential (PD), cell membrane conductance (Gm) and con-
ductances of individual ions (G°) were evaluated with microelectrode
techniques. Fused cells regulate their cell volume by about 50%. Gm
increased from 0.43 0.03 mS/cm2 in isotonic Ringer solution to 4.3
0.3 mS/cm2 in the steady state phase of cell swelling. G' was 0.31
0.03 mS/cm2 in isotonic Ringer solution and thus was the dominant
individual ion conductance. In the initial phase of cell swelling G
increased transiently 64-fold to 0.32 0.03 mS/cm2, and consequently
PD hyperpolarized. At peak hyperpolarization G' transiently de-
creased by 15%. Cell swelling increased G1 11-fold and G0 28-fold
to 0.95 0.1 mS/cm2 in the steady state phase of cell swelling. In this
phase G and G°' were dominating, whereas G was only slightly
increased compared to isotonic conditions. The hyperpolarization of
PD was paralleled by cytoplasmic acidification. At peak acidification
[HCOfl1 decreased by 6.4 mmol/kg H20. C1 extrusion was not
detectable in the initial phase of cell swelling. In isotonic Ringer
solution [K11 was 125 5 mmol/kg H20. During the initial phase of cell
swelling 23 5 mmol/kg H20 K was extruded, indicating that yet
unknown anions participated in cell volume regulation in this phase of
cell swelling. In the steady state phase of cell swelling [pH]1 was
normalized by replenishing [HCOfl, whereas C1 was extruded. We
conclude that fused renal epitheloid cells acutely release KHCO3 in
response to hypotonicity, but then regain pH homeostasis in the steady
state phase of cell swelling.
Cells can survive a hypotonic stress by the release of salt and
osmotically active organic solutes from the cytoplasmic com-
partment [1—5] and thus prevent cell swelling. Renal papillary
cells balance the osmotic pressure of extracellular NaCI by
large amounts of organic osmolytes like sorbitol and myo-
inositol [6—9]. In the renal cortex these organic "osmolytes" are
present in much smaller amounts [63.
Madin-Darby canine kidney (MDC K) cells are capable of cell
volume regulation [10—121. Roy and Sauvé [11] and Simmons
[12] measured a decrease in the intracellular K concentration
after exposure of the cells o a hypotonic fluid. From the
increase of Rb efflux [11] and from the transient hyperpolar-
ization [11, 12] the authors suggested that K-conductance
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increases during cell volume regulation. This increase in K-
conductance is accompanied by the activation of an anion
conductance with low selectivity. Paulmichi et al [10] found a
hypotonic stress-induced depolarization and a decrease in K-
conductance in MDCK cells in parallel with an increase of the
unselective anion conductance; the latter observation has been
reported in most other studies.
We have recently published that MDCK cells resemble
properties of intercalated cells of renal collecting duct epithelial
cells [13—18]. Valentich [19] described two morphologically
distinct cell types in MDCK monolayers similar to the principal
and intercalated cells of collecting duct epithelial cells. Inter-
calated cells of urinary epithelia secrete either acid, a-cells, or
secrete HCO, b-cells, and are involved in the regulation of
acid-base homeostasis [20—24]. Thus intercalated cells express
both acid transporters and base transporters in their cell mem-
branes. In MDCK cells, HCO transporters have been recently
shown [16, 25, 26]. HCO is directly involved in volume
regulation of Necturus gallbladder [271 and of proximal tubules
of mice [28].
To study a possible participation of HCO in cell volume
regulation in more detail, we fused single MDCK cells to giant
cells [291. Fused giant cells allow impalements with several
microelectrodes that measure changes of cell membrane poten-
tial difference, cell membrane conductance, ion conductances
and intracellular ion concentrations simultaneously, following
cell swelling.
Methods
Cell culture and cell fusion
MDCK cells from the American Type Culture Collection [30,
31] were used from passage 65-85. Cells were maintained in
Minimum Essential Medium (MEM) with Earle's salts, non-
essential amino acids and L-glutaminic acid (Biochrom KG,
Berlin, Germany), equilibrated with 95% humidified air and 5%
CO2 at 37°C. The MEM medium was supplemented with 10%
fetal calf serum (Biochrom KG) and 26 mmollkg H20 HCO.
The osmolality of the culture medium was 302 2 mOsmlkg
H20 (N = 5), determined with the freezing point method
(Osmomat, Gonotec, Berlin, Germany).
After growing to a subconfluent cell layer (about 5% cell-free
area in the culture dish, 4 = 8.5 cm) MDCK cells were
dispersed in a calcium-free trypsin-EDTA containing balanced
salt solution. The fusion procedure has been described else-
where [29]. Briefly, suspended MDCK cells were centrifuged
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Table 1. Composition of the Ringer solutions
Solutions (s) mmol/kg H20
1 2 3 4 5 6 7 8 9
NaC1 106 56 56 — — — 130 80 80
KCI 5,4 5.4 5.4 5.4 5.4 5.4 5.4 5.4 5.4
MgCl2 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
CaCI2 1.2 1.2 1.2 6 3.7 3.7 1.2 1.2 1.2
Na2HPO4 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8
NaH2PO4 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
NaHCO3 24 24 24 24 24 24 — —
Na-gluconate — — — 106 56 — — — —
Mannitol — 100 — — 100 — — 100 —
Glucose 5.5 5,5 5.5 5.5 5.5 5.5 5.5 5.5 5.5
Hepes 10 10 10
Osmolality 293 293 193 322 293 193 293 293 193
mOsm/kgH2O
HCO containing bath solutions (s Ito s6) were equilibrated with 5%
CO2. pH was 7.4 in all Ringer solutions. Gluconate containing solutions
(s4 to s6) were titrated with CaCI2 to achieve a free calcium concentra-
tion of 1.2 mmollkg H20.
(400 x g) for two minutes and the supernatant was removed. To
the cell pellet two ml of the fusion medium [50% wt/vol)
polyethylene-glycol (Mr 4000) in MEM without serum] was
added. The cells were gently suspended and after four minutes
again centrifuged (400 x g for 2 mm). Finally cells were
suspended in MEM with 10% fetal calf serum and incubated.
Over the following one to two hours plasma membrane fusion
proceeded and approximately 100 fused cells per culture dish
were formed. When fused cells were incubated again, the cell
shapes of fused cells changed to flat, and fused cells became
integrated into the MDCK monolayer 24 hours later. During the
following 10 days fusion of cell nuclei occurred [29].
For electrophysiological measurements fused cells were
transferred on a thin microscope coverslip pretreated with
poly(L)lysine (0.1 g/kg H20; Serva, Heidelberg, Germany).
Fused cells stuck firmly to the coverslip and were used for
measurements one hour later. Fused cells on the coverslip were
penetrated with microelectrodes, and simultaneously cell vol-
ume changes were determined using high-resolution differential
interference contrast microscopy (inverted microscope, IM 35,
Zeiss, Oberkochen, Germany; objective 40/0.65 or 63/1.4, oil).
Superfusion system and volume measurements in fused
MDCK cells
The composition of the superfusates is given in Table 1. Prior
to the hypotonic stress 50 mmol/kg H2O NaCI was substituted
by 100 mmol/kg H20 mannitol. Then hypotonic stress was
induced by the omission of mannitol. This two-step procedure
was necessary to induce a clear cut change in osmolality
without a concomitant change in NaCI concentration. Giant
cells were superfused with a perfusion rate of 30 gui/s. Tip
diameter of the perfusion pipette was 400 m and the distance
between the tip and the giant cell was about 1 mm. The time for
a complete change of the superfusion solution was in the range
of 1 s tested by pH-sensitive microelectrodes switching be-
tween two pH calibration solutions. All measurements were
performed at 37°C.
For electrophysiological measurements we used cells with
round perimeters only. Cell diameters of fused cells were
measured using an ocular surveyor's rod. To get more informa-
tion on cell geometry we used high resolution differential
interference contrast (DIC) micEoscopy. The shallow depth of
field in the DIC microscope allows the measurement of cell
heights by focusing first at the bottom and then at the top of the
cells. For calibration of the focus plane we used a small glass
cylinder with a defined height. The cell height to diameter ratio
of fused cells sticking to the coverslip was 0.52 0.03 (N 24)
two hours after cell membrane fusion. In hypotonic Ringer
solution the cell height to diameter ratio remained nearly
unchanged. Pive minutes after switching to hypotonic Ringer
solution the cell height to diameter ratio was 0.51 0.02 (N =
20). After the determination of the cell height to diameter ratio
we detached fused cells with microelectrodes from the bottom
of the coverslip. Detached cells could be moved without
changing their cell shape and thus allowed the evaluation of the
cell shape. The shape of the detached cells resembled a rotating
ellipsoid. Such a rotating ellipsoid is formed after rotation of an
ellipse about its short axis. After detachment we turned the
cells right-angled and measured again the cell height to diameter
ratio. By this procedure we checked our two methods of cell
height and cell diameter measurements. Indeed, we found a cell
height to diameter ratio in right-angled cells of 2 0.02 (N
18), indicating that our method to measure cell height and cell
diameter was correct and that fused cells preserve their cell
shapes during detachment. From these measurements we de-
duced that changes of cell diameter of fused cells indicate
hypotonic stress-induced cell swelling. We further assumed that
a rotating ellipsoid is the best approximation for the cell shape
of fused cells ready for electrophysiological measurements.
Therefore, cell volume (V11) and cell surface (S11) were
calculated according to the equations for a rotating ellipsoid:
Vceii = (4/3) ir• r2 h/2. In this equation r is the cell radius
of fused cells and h is the respective cell height. Sceii =
2 . ir. r2 . [1 + ((1 — e2)/2e) . log (1 + e)/(l — e)I. The numerical
eccentricity e was calculated according to the equation: e
(1/r) . \/(r2 — h2). Though there is no linear relation between
cell diameter and cell volume in a rotating ellipsoid, we found
that in giant cells estimations of cell volume regulation from the
increase of cell diameter are in the same range as estimations of
cell volume regulation from the increase of cell volume. We
estimated cell volume regulation in fused cells from changes of
cell diameters (4)) according to the equation (1 —
100. Here, 4)aet is the measured increase of cell
diameter and A4)theor the expected increase of cell diameter
when fused cells behaved as ideal osmometer assuming that cell
shape of fused cells resembled a rotating ellipsoid.
Electrophysiological measurements in fused MDCK cells
Measurements of the potential difference across the cell
membrane (PD) were made with conventional microelectrodes
(tip diameter <1 m, input resistance 50 to 100 Mfl) filled with
1 mol/kg H20 KCI. The microelectrodes were connected via
Ag/AgCl half-cells to a high impedance electrometer (FD 223,
W.P. Instruments, Hamden, Connecticut, USA). The voltage
signals were recorded by a three channel chart recorder
(Abimed, Düsseldorf, Germany).
The ion-sensitive microelectrodes were manufactured as de-
scribed in previous reports [32, 331. The tip diameters of the
electrodes were about 1 m, the slopes (S) were between 50 and
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58 mV for a 10-fold increase of the ion concentration. Intracel-
lular pH (pH1) was calculated from the equation: pH1 = pH0 —(PD — PD)/S. pH0 is the extracellular pH (pH = 7.4), PD and
PD are the H-electrochemical and electrical potential differ-
ences, respectively. The symbol S is the electrode slope mea-
sured in Ringer solutions over a pH range from 6 to 8.
Intracellular ion concentrations [ion]1 were calculated from the
equation: [ion]1 = [ion]0. explO . (PD — PD)/s. PD° is the
electrochemical potential difference of an individual ion. [Ion]0
is the extracellular concentration of the respective ion. The
symbol S is the electrode slope determined for the K-, Na-
and C1-sensitive microelectrodes in their respective calibra-
tion solutions. Ionic strength of the calibration solutions was
0.146 mollkg H20. Ion sensitive microelectrodes factually mea-
sure ion activities. Ion activities (a) can be calculated from the
ion concentrations (c) by the equation a = y. c, where 'y is the
activity coefficient. y depends on temperature and ionic
strength of the Ringer solution. As mentioned above tempera-
ture was 37°C under all conditions. When ionic strength
changed from 0.146 mol/kg H20 in isotonic Ringer solutions to
0.097 mollkg H20 in hypotonic Ringer solution y changed from
about 0.76 to about 0.80; thus, y changes within the margin of
error. Relative cell membrane ion conductances were given as
transference numbers (t10). They were calculated according to
the equation: t10 = APD/(2.3 . RT/F) . lg([ion]1/[ion]2) where
ZPD is the change of the membrane potential difference upon an
ion concentration step from [ion]1 to [ionI2 in the superfusion
solution. tNa was determined by substituting 100 mmol/kg H20
mannitol with 50 mmol/kg H20 sodium gluconate. Since tNa
turned out to be negligibly small, tK was determined by substi-
tuting 24 mmollkg H20 NaC1 with 24 mmollkg H20 KC1. t1 was
determined by substituting 48 mmol/kg H20 mannitol with 24
mmollkg H20 NaC1. Replacement of Cl by gluconate re-
sulted in a lower t, possibly due to a partial blockade of C1
channels by gluconate. tHCO3 was determined by substituting
48 mmollkg H20 mannitol with 24 mmol/kg H20 NaHCO3.
Cell membrane conductance was obtained as follows: the cell
membrane resistance (Rm) was measured by two microelec-
trodes inserted into the fused cell. With one electrode electrical
current pulses (10 A, 0.5 s) were injected while the resulting
deflections of the plasma membrane potential differences (zPD)
were recorded with the other electrode. The cell input resis-
tance was calculated according to Ohm's law: Rm =
Then cell membrane conductance (Gm) was calculated as the
reciprocal value of Rm. Finally Gm was related to the cell
surface (cm2). Cell membrane ion conductances (G°) were
calculated according to the equation: = Gm ti0, where Gm
is the cell membrane conductance and t10,. the transference
number of the respective ion.
Statistical analysis
The data are given as arithmetic means standard error of
the mean (mean sEM). Statistical analysis was made by paired
t-test, where applicable.
Measurements of cell membrane conductances (Gm) and
transference numbers (t10) were performed in different cells.
Therefore, we calculated the maximal relative errors for by
summing up the relative errors (sEM/mean) of Gm and t10.
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Fig. 1. Changes of relative cell diameters of fused MDCK cells in-
duced by hypotonic stress. The cell diameter shortly before exposure to
the hypotonic stress refers to 100%. At time zero the isotonic Ringer
solution (s2) is changed to hypotonic Ringer solution (s3). Five minutes
later hypotonic Ringer solution is switched back to isotonic Ringer
solution. Composition of solutions (s) are in Table 1. Data are shown as
mean SEM (N = 28).
Results
Hypotonic-induced cell swelling in fused MDCK cells
The diameter of a single MDCK cell after trypsination was
17.2 1 srn (N = 42). The mean diameter of fused cells ready
for cell impalements was 53 2.1 sm (N = 36). Cell swelling
started with a delay of about 20 s. This delay could neither be
explained by the perfusion arrangement nor by asymmetrical
cell swelling. As pointed out in Methods, the ratio of cell height
to diameter did not change significantly when fused cells
swelled. We found a hypotonic stress-induced increase in cell
diameters up to 57 2 m, indicating an increase of cell
diameters to 107.5 3% of controls (Fig. 1, Table 2). If fused
cells behaved as ideal osmometers, a decrease of the osmolality
in the superfusate from 293 mOsmlkg H20 to 193 mOsm/kg H20
should increase the cell diameter to about 61 m, indicating a
15% increase of cell diameter. Thus, cell volume regulation was
about 50% in fused MDCK cells. Indeed, cell diameters of fused
cells increased by about 15% in low C1 Ringer solution or in
HCO free Ringer solution (Table 2). The time courses of cell
swelling in low C1 Ringer solution and in HCO free Ringer
solution were similar compared to control experiments during
the first 60 s. Cell swelling continued in low Cl— Ringer solution
and in HCO free Ringer solution until final cell diameters had
been reached after about 100 s. Occasionally, further cell
swelling was paralleled by the appearance of cell membrane
blebs in low C1 or HCO free conditions. Barium, a blocker of
K channels in various tissues, diminished volume regulation
as well (Table 2). Fused cells regulated their cell volume by
about 84% in the first minute after switching to hypotonic
Ringer solution. This phase was termed the initial phase of cell
swelling followed by a steady state phase five minutes later.
Hypotonic-induced changes of cell membrane potential
difference and cell membrane conductance
In isotonic Ringer solution cell membrane potential difference
(PD) was —17 3 mV (N = 45, Table 2) and cell membrane
ci)
E
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Table 2. Cell membrane potential differences and cell diameters in fused MDCK cells in isotonic and hypotonic Ringer solutions
Cell membrane potential differences mV
Ringer +Ca2 +DIDS -I-Ba2 low Cl- HCO3 free
Isotonic
Hypotonic
Cell diameter %
Hypotonic
—17±3
(45,1)
—45 2a
(18,3)
107
(45,3)
—25±3
(8,1)
—55 3a
(8,3)
106 3b
(10,3)
—18±2 —16±2
(7,1) (12,1)
—45 2 —18 2
(7,3) (12,3)
107 3b 114 2C
(12,3) (14,3)
—14±2
(10,4)
—2 l
(7,6)
115 1C
(22,6)
—20±1
(10,7)
—21 2
(7,9)
116 2C
(25,9)
Calcium (3 mmol/kg H20), DIDS (I mmol/kg H20) and barium (1 mmol/kg H20) were added to isotonic and hypotonic Ringer solutions. Cell
diameter in isotonic Ringer solution (sl) refers to 100%. Cell diameters of fused cells should increase up to about 114.5% when cells behaved as
ideal osmometers. The number of cell impalements and the individual Ringer solutions (s, Table I) are given in parentheses (cell impalements,
solutions). Values are means SEM, obtained 1 mm after switching from isotonic to hypotonic Ringer solution.
a P < 0.01 compared to isotonic conditions
b P < 0.01 compared to either one of the groups'
conductance (Gm) was 0.43 0.03 mS/cm2 (N 25, Fig. 3). We
found that usually a high PD is correlated with a high Gm and
vice versa. The opposite, however, should be expected when
impalements were leaky.
Further evidence for non-leaky impalements were spontane-
ous fluctuations of PD between —17 mY and —40 mY. They
were observed more frequently in high Ca2 solution (2
mmollkg H20 Ca2 was added to solution si). Furthermore, PD
increased in isotonic alkaline perfusion solution (pH 7.75, 5%
C02, 48 mmolikg H20 NaHCO3) from —17 3 mV up to —55
4 mY (N = 5).
Substituting NaCI (50 mmol/kg H20) with mannitol (100
mmollkg H20) depolarized PD by about 10 mY (Fig. 2A). The
depolarization could be explained by the reduction of Cl— (50
mmollkg H20) in the Ringer solution.
Reduction of osmolality in the superfusion solution by the
omission of mannitol (100 mmol/kg H20) caused a transient
hyperpolarization of PD with a peak value of —45 2 mV (N =
18, Fig. 2A and Table 2). The hyperpolarization occurred during
the initial phase of cell swelling. The amplitude of the transient
hyperpolarization was clearly enhanced in high Ca2 solutions
(Table 2). During repetitive cell swellings the amplitude of the
transient hyperpolarization was successively reduced to —5 1
mV (N = 6) after the fourth application of hypotonic Ringer. In
barium containing hypotonic Ringer solution, the transient
hyperpolarization of PD in the initial phase of cell swelling was
eliminated (Table 2).
Gm increased dramatically during cell swelling (Fig. 2A). At
peak hyperpolarization Gm was 1.29 0.04 mS/cm2 (N = 12,
Fig. 3). After peak hyperpolarization a stable PD of —18 3
mV (N = 18) was achieved in the steady state phase of cell
swelling. Concomitantly, Gm reached a new steady state value
of 4.3 0.3 mS/cm2 (N = 12, Fig. 3).
Hypotonic-induced changes of cell membrane potential
difference and cell membrane conductance in HC03 free
Ringer solution or in low C1 Ringer solution
To test for a putative participation of HCO in the volume
regulatory response the osmotic stress in HCO free Ringer
solution was applied. Omission of the CO2IHCO3 buffer system
caused a small but significant (P < 0.01) steady state increase of
PD to —20 0.5 mY (N = 12). Simultaneously, cells swelled
slightly but significantly (P < 0.01) by about 6%. Gm decreased
to 0.38 0.03 mS/cm2 (N = 10). The typical transient hyper-
polarization induced by hypotonic stress was totally eliminated
in HCO1 free Ringer solutions (Fig. 2B, Table 2). Gm exhibited
a significant transient decrease (Fig. 2B) to 0.34 0.02 mS/cm2
(N = 6, Fig. 3) in the initial phase of cell swelling. A similar
transient decrease of Gm was observed in hypotonic barium
containing Ringer solution. During the steady state phase of cell
swelling Gm was increased to 1.14 0.06 mS/cm2 (N = 6) in
HCO3 free Ringer (Fig. 3). This was a significantly reduced Gm
value as compared to the one in hypotonic HCO containing
Ringer solution. Initially, when isotonic Ringer solution was
switched to a isotonic low Cl Ringer solution PD rapidly
decreases to zero. In the following minutes PD repolarized up
to —14 4 mV (N = 8, Table 2). Gm was 0.32 0.02 mS/cm2
(N = 7, Fig. 3) in fused cells superfused with low Cl solution.
In contrast to hypotonic Cl— containing Ringer solution, a
transient hyperpolarization of PD induced by the hypotonic
stress was not detectable in low Cl Ringer solution. The
hypotonic stress rather depolarized PD towards zero (Fig. 2C,
Table 2). Gm increased up to 0.96 0.03 mS/cm2 (N 7, Fig.
3) in low Cl— Ringer solution in the steady state phase of cell
swelling. This increase of Gm was less as compared to the
increase of Gm in hypotonic Cl containing Ringer solution
(Fig. 3).
Hypotonic-induced changes of intracellular ion
concentrations
We measured hypotonic stress-induced changes of intracel-
lular K, C1 and H concentrations [ion], in fused MDCK
cells with ion-sensitive microelectrodes.
[K]1 concentration was 125 5 mmol/kg H20 (N = 11) in
fused MDCK cells (Table 3). Hypotonic stress decreased [K11
to 80 6 mmollkg H20 (N = 8) in the first minute of cell
swelling and to 75 5 mmollkg H20 after five minutes.
Considering the decrease of [ion]1 caused by water influx 23
mmollkg H20 K were extruded in the first minute of cell
swelling (Table 4). This represented 92% of total K extrusion.
[Na]1 was 10 3mmol/kg H20 (N = 6) in fused MDCK cells
superfused with isotonic Ringer solution. Quantitatively, Na
extrusion could participate only to a small extent in regulatory
salt release from the cytoplasmic compartment and thus hypo-
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Fig. 3. Cell membrane conductance (G,,,) of fused MDCK cells in
isotonic Ringer solution and in hypotonic Ringer solution after 1 mm
and 5 mm. Symbols are: (Lx) CL-HCO Ringer solutions, sl-s3 (N =
12); (0) low Cl Ringer solutions, s4-s6 (N = 7); (•) HCO3 free Ringer
solutions, s7-s9 (N = 10). Composition of Ringer solutions (s) is in
Table 1. Data are shown as mean SEM. Hypotonic stress induced
changes Of Gm are significantly different, P <0.01, compared to isotonic
conditions.
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Fig. 2. Hypotonic stress induced changes of cell membrane potential
difference (PD) and cell membrane conductance (Gm) in fused MDCK
cells. Intracellular electrical current pulses (10 A, 0.5 s) cause vertical
hyperpolarizing voltage deflections. They correspond reciprocally to
Gm. Changes of PD and G are measured in CL-HCO containing
Ringer solutions (A), in HEPES buffered, CO2-HCO free Ringer
solutions (B), and in low Cl Ringer solutions (C). Composition of
Ringer solutions (s) is in Table 1.
tonic stress induced changes of [Na]1 was not measured. [C1]1
was 57 3 mmollkg H20 (N = 12) in fused MDCK cells
superfused with control Ringer solution (Table 3). The trans-
membrane C1 equilibrium potential calculated by the Nernst
equation was —18.7 mY and thus the PD of fused cells was in
the range of the Cl— equilibrium potential. The hypotonic stress
induced decrease of [C1] in the first minute could be explained
by water influx. Thus, there was no further decrease of [Cl]
after correction for water influx (Table 4). Our calculations
revealed that C1 anions enter fused cells in the initial phase of
cell swelling. Water influx should dilute [Cl11 to about 47
20
0
—30
1mm
mmollkg H2O; in fact we measured a decrease of [Cl] to 52
2 mmol/kg H20 in the initial phase of cell swelling (Table 3).
During the following four minutes 10 mmollkg H2O Cl was
extruded from the cytoplasmic compartment (Table 4).
pH in fused MDCK cells (pH1) in control Ringer was 7.23
0.03 (N = 12). The intracellular HCO concentration calculated
from the Henderson-Hasselbalch equation was 14.4 1.1
mmoLlkg H20. Substituting NaCl (50 mmol/kg H20) with man-
nitol (100 mmollkg H20) increased pH1 to 7.30 0.01 (N = 9,
Fig. 4A). Concomitantly, EHCOfl1 increased to 16.9 1
mmollkg H20 (Table 3). In hypotonic Ringer solution a tran-
sient cytoplasmic acidification was detectable (Fig. 4A). This
acidification occurred in parallel to the hyperpolarization of PD.
At the peak acidification pH was 6.95 0.04 (N = 10) and
[HCOfl1 decreased to 7.6 0.6 mmoL/kg HCO (N = 12, Table
3). A small steady state acidification followed with a pH1 of 7.19
0.04 (N = 9) corresponded to a [HCOflI of 14 1 mmollkg
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Table 3. Intracellular ion concentrations in MDCK cells in isotonic
and hypotonic Ringer solutions
Intracellular ion concentrations mmol/kg 1120
Cl HCO
Isotonic 125 5 57 3 16.9 I
(10) (12) (15)
Hypotonic
1 mm 80 oa 52 2 7.6 0.6a
(8) (12) (12)
5mm 755 4b
(8) (II) (12)
Intracellular ion concentrations were measured with ion-sensitive
microelectrodes in isotonic Ringer solution (si) and 1 mm and 5 mm
after switching to hypotonic Ringer solution (s3). Numbers of measure-
ments are given in parentheses. Composition of solutions (sl,s3) see
Table 1. Values are means SEM.
aP < 0.01 compared to isotonic Ringer solution
b P < 0.01 compared to control values and to the I mm hypotonic
values
K HCO C1
1
5
mm
mm
23
25
(8)
(8)
6.4±
(12)
—
(12)
1 —
(12)
10±2
(11)
Data were calculated from the experimental data in Table 3. They
were corrected for the decrease of intracellular ion concentrations due
to water influx. One and 5 mm after switching to hypotonic Ringer
solution cell volume was increased by 21% and 25%, respectively.
Numbers of measurements are given in parentheses. Values are means
SEM.
H20 (N = 12). Thus, in the first minute of cell swelling [HCOj1I
decreased by 6.4 mmollkg H20 (Table 4). In the following four
minutes HCO reaccumulated in the cells (Table 3).
In a last set of experiments changes of [HCOfl1 in response
to low Cl solutions (Fig. 4B) were examined. In isotonic low
C1 solutions pH1 increased to 7.52 0.05 (N 6), which
corresponded to a rise of [HCOfl1 to about 30 mmol/kg H20. In
hypotonic low C1 Ringer pH1 decreased to a steady state value
of 7.4 0.03 and [HCOfl1 approaches [HCOflO.
Hypotonic-induced changes of transference numbers and ion
conductances
From the amplitudes of the cell membrane voltage defiections
induced by stepwise changes of K, C1 and HCO concen-
trations in the respective Ringer solutions (Fig. 5), tonfor K,
Cl and HCO in isotonic and hypotonic Ringer solution were
calculated (Table 5).
t1 is 0.73 0.02 (N = 22) in fused MDCK cells in isotonic
Ringer solution. t decreased transiently in the initial phase of
cell swelling, however, remained in the same range as com-
pared to isotonic conditions in the steady state phase of cell
swelling.
tK was 0.011 0.003 (N = 8) in fused MDCK cells in isotonic
Ringer solution. In the initial phase of cell swelling tKincreased
rapidly and exceeded t1 transiently. In the steady state phase
of cell swelling tK was again found reduced similar to isotonic
conditions.
tHCO3 was 0.08 0.01 (N = 22) in fused MDCK cells under
control conditions. In the first minute an increase of t0 was
not detectable. However, tHCO3 increased nearly threefold
within five minutes following cell swelling.
Na concentration steps did not change PD in fused MDCK
cells in about 90% of our total experiments. In the present study
we discarded those seldom experiments in which fused cells
exhibited a significant We assumed that these cells corre-
spond to a different pattern of MDCK cell differentiation
(heterogeneity of MDCK cells, Discussion).
Estimations of hypotonic stress induced changes of cell
membrane ion conductances (G) for C1, K and HC03
were given in Figure 6. Values are presented as means
maximal relative errors. G' was about 0.31 0.03 mS/cm2 (N
= 22) in isotonic Ringer solution and thus G' was the dominant
ion conductance in fused MDCK cells. G was about 0.005
0.0008 mS/cm2 (N = 8) and GCO3 was about 0.034 0.03
inS/cm2 (N = 20).
In the initial phase of cell swelling G increased transiently
64-fold and G° 3.5-fold, whereas G decreased by 15% in
comparison to isotonic conditions. In this phase G exceeds
G' transiently. In the steady state phase of cell swelling G
increased 13-fold, GCO3 28-fold and GI' 11-fold. In this phase
G' was the dominating ion conductance again.
Discussion
From the hypotonic stress-induced increase of the cell diam-
eters we estimated that fused cells regulate their volume by
Si s2
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s3
s2 Si
-1
1 mm
A
7.4
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__________
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Fig. 4. Changes of intracellular pH (pH1) in fused MDCK cells induced
by hypotonic stress. pH1 changes are measured in C1-HCO Ringer
solutions (A) and in low C1 Ringer solutions (B). Compositions of
Ringer solutions (s) are in Table 1.
Table 4. Decrease of intracellular K, HCOç and C1 concentrations
(mmol/kg H20) corrected for water influx in fused MDCK cells in
hypotonme Ringer solution
s4 Hypotonic, low CL
s6
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Table 5. Transference numbers (t0) for K, Cl and HCO in fused
MDCK cells in isotonic and hypotonic Ringer solutions
tK tJ tHCO3
Isotonic 0.011 0.003
(18)
0.73 0.03
(22)
0.08 0.01
(22)
Hypotonic
1 mm 0.25 0.02a
(13)
0.20 0.02k
(20)
0.09 0.01
(21)
5 mm 0.013 0.003
(13)
0.77 0.03
(18)
0.22 o.Ola
(21)
were determined in isotonic Ringer solutions (sl) and 1 mm and
5 mm after switching to hypotonic Ringer solution (s3). Composition of
solutions see Table 1.
a p < 0.01 compared to isotonic values
Fig. 5. Cell membrane potential differences (PD) in fused MDCK cells
in isotonic Ringer solution (s2) and in hypotonic Ringer solution (s3).
Voltage deflections are induced by stepwise changes of ion concentra-
(ions in Ringer solutions. The moment of cell puncture is symbolized by
in. Thin arrows mark start and end of the ion concentration steps. A. 24
mmol/kg H20 Na were replaced by 24 mmol/l H20 K to determine tK.
B. 48 mmol/kg H20 mannitol were replaced by 24 mmol/kg H20 NaCI
to determine t1. C. 48 mmol/kg H20 mannitol were replaced by 24
mmollkg H20 NaHCO3 to determine tHCO3. From the voltage deflec-
tions the respective transference numbers for K, Cl and HCO were
determined. Composition of Ringer solutions (s) is in Table 1.
about 50%. This is similar to single suspended MDCK cells
measured by the Coulter counter technique [10—12]. Unlike
many other epithelial cells, fused MDCK cells swell initially in
hypotonic Ringer unlike ideal osmometers. Cell swelling and
cell volume regulation occur in parallel in fused MDCK cells.
Fused cells behave as ideal osmometers when the initial in-
crease of G and the transient hyperpolarization of PD are
blocked. Thus, the fused MDCK cell seems to be a suitable
model to study mechanisms of cell volume regulation.
Heterogeneity of MDCK cells
A large number of subtypes and subclones was described in
the MDCK cell line [34—36]. Valentich [19] found morphological
differences of MDCK cells grown in confluent monolayers. He
described two morphologically distinct cell types in MDCK
Fig. 6. Estimations of cell membrane ion conductance (G',") in fused
MDCK cells. Symbols are: (U) K; (0) Cl; () HCO. G° was
calculated from = t10, G. Mean transference numbers (t10) are
shown in Table 5. Mean cell membrane conductances (Gm) are shown
in Figure 3. Measurements of t10 and Gm were performed in different
cells, therefore, the error bars symbolize maximal relative errors
(Methods).
5 mm
5.0 I
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monolayers similar to the principal and intercalated cells of the
collecting duct epithelial cells. Intercalated HCO secreting
cells (b-cells) can be labelled with peanut lectins at their luminal
membranes whereas wheat germ lectins bind to the luminal
membranes of principal cells [37—43]. We found that MDCK
cells that resemble b-cells from the morphological point of view
bind peanut lectins at their apical membranes [13—18]. The
peanut lectin binding capacity of MDCK cells increases during
aging of the confluent monolayer. Usually, we fused MDCK
cells from confluent monolayers composed of 95% intercalated
type b-cells. MDCK cells increase their lectin binding capaci-
ties in alkalotic and hypotonic medium, whereas peanut binding
capacities were diminished in acidotic and hypotonic medium
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[13, 14]. Peanut lectin negative cells exhibit wheat germ lectin
binding (unpublished observation from our laboratory) indicat-
ing possible principal cell features in MDCK cells. In renal
collecting duct, principal cells exhibit a significant Na conduc-
tance that is absent in intercalated cells.
Thus, we assume that in the present study fused cells consist
of a majority of MDCK cells resembling properties of interca-
lated b-cells. Occasionally, fused cells may express principal
cell features, identified by the appearance of a Na conduc-
tance. Such experiments were neglected in the present study.
K is extruded in the initial phase of cell swelling
The low cell membrane potential difference of PD = —17 mY
in isotonic Ringer solution can be explained by the small G of
fused MDCK cells. Stefani and Cereijido [44] presented a
histogram of PD in single MDCK cells with one peak around
—42 mY and another peak around —19 mY. This is consistent
with the view that MDCK cells are not homogeneous.
G increases in the initial phase of cell swelling. During this
time 23 mmollkg H20 K are extruded from the cytoplasmic
compartment, thus diminishing cell swelling. This initial phase
is characterized by a hyperpolarization of PD. It has been
shown in proximal straight tubule that barium attenuates hypo-
tonic cell volume regulation due to its inhibitory effect on
potassium movement [45]. In agreement with this observation
we found that in barium containing solutions the transient
hyperpolarization of PD is absent and that cell volume regula-
tion is inhibited. In low Cl— Ringer solution and in HCO free
Ringer solution both transient hyperpolarization of PD and cell
volume regulation are virtually absent. We conclude that K
efilux in the initial phase of cell swelling is necessary for cell
volume regulation in fused MDCK cells. Strange [461 found that
KCI was not involved in regulatory volume decrease in princi-
pal and intercalated cells of the rabbit cortical collecting duct.
As we discussed above fused MDCK cells consist of a majority
of MDCK cells resembling properties of intercalated b-cells.
Since Strange [46] did not distinguish between intercalated
a-cells and b-cells, intercalated b-cells could have presented a
minority in his preparation. A hypotonic stress-induced in-
crease of G conductance has been already suggested in single
MDCK cells [11, 121. In proximal tubule cells of the opossum
kidney as well as in primary cultures of thick ascending limb
cells, hypotonic stress is able to stimulate Ca2tactivated cell
membrane K channels [47, 481. An increase of [Ca2]1 acti-
vates K channels in MDCK cells [49—52] and in the luminal
membrane of collecting duct cells [53—561. Cytoplasmic alkalin-
ization activates G in fused renal cells [57, 58]. In agreement
with that study, we found that in fused MDCK cells PD
hyperpolarizes in high Ca2 or in alkaline Ringer solution.
Transmembrane Ca2 influx through stretch-activated cation
channels in response to cell swelling was recently shown in
choroid plexus epithelial cells [59]. It has been suggested that a
stretch-activated Ca2 influx could mediate the increase of the
K permeability in MDCK cells [12]. In agreement we found
that the amplitude of the transient hyperpolarization and thus
the activation of G is enhanced in high Ca2 Ringer solution.
Furthermore, we assume that Ca2 release from intracellular
stores may be involved in cell volume regulation. Roos and
Boron discussed in their review article [60] that intracellular
acidification may release Ca2 from intracellular stores, possi-
bly by the activation of Ca2/H exchange in mitochondria.
Therefore, it is tempting to speculate that cytoplasmic acidifi-
cation due to dilution of [HCOfl may induce a Ca2 release
from intracellular stores in the initial phase of cell swelling. We
found that after repetitive cell swelling the activation of G is
reduced and cell volume regulation diminished. A possible
explanation is that intracellular Ca2 stores become depleted by
repetitive cell swelling. The transient release of Ca2 from
intracellular stores could activate G. This causes a hyperpo-
larization of PD in the initial phase of cell swelling. As a
consequence, the electrical driving force for HCO efflux
increases and [HCOfl, is further diminished. A sell-feeding
circle is established. Although cytoplasmic acidification de-
creases G [57, 58, 61], the stimulating effect of Ca2 may be
dominant in the initial phase of cell swelling. However, when
peak acidification is approached the inhibitory effect of the
cytoplasmic acidification may overcome the Ca2 effect and G
is switched off; PD depolarizes and the driving force for HCO
efflux dissipates. Intracellular pH recovers and the driving force
for Ca2 release from intracellular organelles via Ca2/H
exchange disappears. This hypothesis fits our data that activa-
tion of G and cell volume regulation is hampered in the virtual
absence of Cl and HCO. Omission of C1 causes a large
cytoplasmic alkalinization. According to our model this alka-
linization could successfully prevent an increase of free [Ca2]1
by its inhibitory action on Ca2 release.
HCOI is extruded in the initial phase of cell swelling
HCO is involved in volume regulation in fused MDCK cells.
In the initial phase of cell swelling 6.4 mmol/kg H2O HCO is
extruded from the cytoplasmic compartment. In the following
section we discuss the possible HCO extrusion mechanisms.
Theoretically, HCO could be released as HCO anions as
such or as carbonic acid after titration with H due to stimu-
lated cellular metabolism. Indeed, it was found that MDCK
cells resembling intercalated b-cells exhibit a large activity of
carbonic anhydrase [18]. However, stimulated acid production
in the initial phase of cell swelling is rather speculative. The
fact, that reduction of [C1]0 leads to cytoplasmic alkalinization
indicates that a Cl/HCO exchange may be involved in cell
volume regulation in fused MDCK cells. The existence of
Cl/HCO exchange has been reported for MDCK cells [16,
25]. In control Ringer solution the exchanger should extrude
HCO with a net driving force of about 7 mV. The activation of
this antiporter should result in a decrease of [HCOfl1 and thus
cause a cytoplasmic acidification. However, when 50 mmollkg
H20 Cl is removed during hypotonic stress, the exchanger
reverses the direction of transport and a HCO influx is
expected based on a net driving force of about —6 mV. At peak
acidification the net driving force for HCOç influx is —25 mV.
Thus, the reduction of [HCOfl in the initial phase of cell
swelling cannot be explained by the activation of Cl/HCO
exchange. Theoretically, the C1/HCOç exchange could be
involved in cell volume regulation in the steady state phase of
cell swelling when intracellular Cl is replaced by HCO. Our
finding that the stilbene-derivative DIDS, known to inhibit
Cl/HCO exchange, does not alter cell volume regulation in
fused MDCK cells is against to a possible participation of
Cl/HCO exchange in cell volume regulation. Schuster [62]
showed that HCO secretion is DIDS-resistant in rabbit corti-
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Cal collecting duct, whereas Stetson et al [23] showed that DIDS
inhibited the mucosal electroneutral HCO transport compo-
nent but not the electrogenic one. Cell swelling increases GCO3
in fused MDCK cells. This indicates the existence of an
electrogenic HCO transport system involved in cell volume
regulation. Recently, we demonstrated the existence of an
anion channel selective for HCO in MDCK cells [26]. An
electrogenic HCO transport mediated by carbonic anhydrase
has been reported in artificial membranes [631. A HCO per-
meability was shown in cultured epithelial cells using the
patch-clamp technique [64]. Until now the question remains
open whether the cell swelling-induced increase of the HCO
conductance is mediated by HCO channels.
C1 conductance is reduced in the initial phase of cell
swelling
Hypotonic stress increases Gm in fused MDCK cells. In the
initial phase of cell swelling the increase of Gm is due to an
increase in G and G° while G decreases. When the
increase of G is either inhibited in barium containing Ringer
solution or in HCO free Ringer solution, the decrease of G' is
unmasked and, consequently, a decrease of Gm is detectable.
In low C1 Ringer solutions PD depolarizes in the initial
phase of cell swelling. Assuming that hypotonic stress does not
increase G in low C1 Ringer solution the observed increase
Of Gm is mainly caused by an increase of G. [C1]0 is about 15
mmoL'kg H20 in hypotonic low C1 Ringer solution. Thus, in
hypotonic low C1 Ringer solutions the depolarization of PD
can be explained by an outwardly directed C1 current. Assum-
ing that PD is still a C1 equilibrium potential, the small PD
indicates that [C1]1 is in the same range as [Cl—]0 in hypotonic
low C1 Ringer solution.
Under control conditions as well as in the steady state phase
of cell swelling G is dominating. In single MDCK cells an
anion selective channel with a large conductance has been
described [65]. A hypotonic stress-induced increase of the
activity of a C1 channel or an unselective anion channel has
been reported previously [10—12, 50, 66, 671.
G is again reduced in the steady state of cell swelling as
compared to the initial one. Thus, G' and G seem to be
inversely correlated.
Measurements of [C111 in fused MDCK cells show that Cl
anions enter fused cells in the initial phase of cell swelling.
Thus, in the initial phase of cell swelling an unknown, inwardly
directed Cl transport is activated. C1 uptake occurs despite
an increased driving force for C1 extrusion due to the transient
hyperpolarization of PD. Cl extrusion is hampered by the
decrease of G in the initial phase of cell swelling. Considering
the extrusion of 23 mmol/kg H20 K and 6.5 mmollkg H20
HCO in the initial phase of cell swelling, other yet unknown
anions must participate in cell volume regulation. A hypotonic
stress-induced intracellular anion gap has been described in
MDCK cells previously [11]. These authors found that amino
acid loss plus Cl— loss equals K loss. Thus, negatively-
charged amino acids could participate in cell volume regulation
of MDCK cells. The extrusion of negatively-charged organic
osmolytes in the initial phase of swelling could participate in the
increase of Gm. This could be the explanation that the sum of
tK, t1 and tHCO3 does not exceed 0.54 in the initial phase of cell
swelling.
In this study we examined cell volume regulation in fused
MDCK cells. We found that fused MDCK cells extrude KHCO3
in the initial phase of cell swelling. In the steady state phase of
cell swelling intracellular CY is replaced by HCO. Further
experiments are required to investigate the intracellular signal
pathways that activate the individual involved in epithelial
cell volume regulation.
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